The Southern Ocean is the largest of the high-nutrient, low-ch lorophyll (HNLC) regions of the world ocean. Phytoplankton production fails to utilise completely the pool of inorganic nutrients in the euphotic zone, giving rise to low phytoplankton biomass and leaving relatively high summer nutrient concentrations. This en igma is of considerable significance for our understanding of the role of the oceans in the global carbon cycle. Various limiting factors have been considered: low light, low temperature, absence of necessary trace elements, grazing pressure and ot her means of biomass removal.
INTRODUCTIO N
ona l-ice zone of the Southern Ocean, and it is these extensive areas to which our conclusions are applied.
This paper was prepared for a multidisciplinary symposium, and it was necessary to provide some background information for the non-specialist before moving on to the central theme of the paper. However, the paper is not intended to be a review, and reference is made to several other publications which provide more exhaustive coverage. Here, we wish to explore aspects of Southern Ocean biogeochemistry in the context of the global ocean carbon cycle, and introduce the concept of "bio-availability" to provide a standardised description of nutrient pools which represents their accessibility to phytoplankton under different environmental conditions. Some of our arguments are specu lative, and are at pre ent based on data from only few studies and sites, which may turn out not to be representative of the Southern Ocean as a whole. Most of the study ites are in the open ocean zone south of the Antarctic Polar Front and seas-
Background to the oceanic carbon cycle
The oceans play an important role in the Earth's climate, and interact with the atmosphere in a number of ways. Whilst many mechanisms are purely physical , biological processes are also of key importance. For instance, phytoplankton may influence the thermal absorption of the upper ocean (Sathyendranath and others, 1991) and of sea ice ( Zeebe and others, 1996) . The area which has received most attention is the range of biological processes which produce materials which influence atmospheric properties, such as DMSPp (dimethylsulphonioproprionate) which contributes, through a series of chemical reactions, to cloud nucleation (e.g. Turner and others, 1996) , and radiatively active or "greenhouse" gases (see SCOR, 1990 ). Many of these gases result in part from biological processes, the main examples being CH 4 , N 20 and especially CO 2 .
Carbon is stored in the ocean as dissolved CO 2 , as dissolved organic material and in particulate form as both organic and inorganic material. Various parts of the oceans act as sources of CO 2 to the atmosphere, whilst other ocean regions are CO 2 sinks where there is a net flux from atmosphere to ocean. In the source regions, CO 2 concentration in surface water is oversaturated with respect to the atmosphere. This situation is commonly encountered where cold, CO 2 -rich water upwells in tropical regions. The sinks occur where CO 2 in surface waters is undersaturated with respect to the atmosphere. This implies processes which are removing CO 2 from the surface water. Some of these are physical, but biological processes also play an important role.
The so-called "biological pump" involves the sequestration of dissolved CO 2 into organic material, and its subsequent export to the deep ocean (Longhurst, 1991) . The first stage of this process is the fixation of carbon by microscopic, single-celled phytoplankton. These grow in the illuminated (euphotic ) zone of the ocean, a layer which is typically 50-150 m deep whereas the average ocean depth is of the order of 3.8 km. The phytoplankton form the food supply for a range of small herbivorous animals, which in turn support a complex food web culminating in large predators. Most of the phytoplankton carbon which enters the food web is destined to be used as an energy supply, and this respiration puts CO 2 back into the water (or directly into the atmosphere). However, a small proportion of the CO 2 sequestered by the phytoplankton is exported from the euphotic zone to the deep ocean as either particulate or dissolved organic material. This represents carbon which is removed from the atmosphere on time-scales of hundreds to thousands of years.
Carbon export, nutrient supply and HNLC regions
Whilst phytoplankton share with land plants the ability to fix CO 2 into organic material, using light energy, there are important differences between the two systems as photosynthetic environments. In the atmosphere, CO 2 is a relatively scarce component, and experiments on the effects of elevated CO 2 concentrations commonly show a stimulating effect. This implies that land plants may often be carbonlimited, although clearly other factors may also inhibit growth. In the oceans, CO 2 is thought not to be limiting (although see Riebesell and others, 1993; Hein and Sand-Jensen, 1997) and other environmental factors are likely to limit the rate of growth. We will examine these in the context of the Southern Ocean later in the paper. However, we need first to establish the role of other chemical elements in the growth of phytoplankton, in order to understand the importance of inorganic nutrients. Phytoplankton obtain their carbon by "fixing" CO 2 by the process of photosynthesis. However, they require a wide range of other elements for growth, such as nitrogen and phosphorus (and silicon for some groups). Within certain limits, these are incorporated into new cellular material in fixed ratios (Redfield and others, 1963) . For example, a phytoplankton cell will contain about 15 atoms of nitrogen for every 100 atoms of carbon. Whereas the large reservoir of dissolved inorganic carbon in the surface ocean can be replenished by influx of CO 2 from the atmosphere, other 662 chemical nutrients are typically introduced to the upper layer of the open ocean predominantly by entrainment of nutrient-rich deep water. This is, of course, not necessarily the case in coastal water where run-off and flux from the seabed provide important nutrient supplies.
Since the euphotic zone is shallow, the overall quantity of inorganic nutrients contained within it will be relatively small. On this basis, the amount of inorganic nutrient supplied to the euphotic zone, predominantly at the beginning of the growing season, determines the maximum amount of phytoplankton production. Additional carbon cannot be fixed without further nitrogen or phosphorus supply. In most regions of the ocean, the pool of inorganic nutrient in the euphotic zone is used up within the growth season, usually soon after growth starts in the spring. A part of this production contributes to carbon export to deep water. Subsequent phytoplankton production involves the recycling of both nutrients and carbon within the euphotic zone. By definition, carbon cannot be exported under these conditions. This pattern of early nutrient depletion followed by a recycling community is not followed in some parts of the ocean. Here, high nutrient concentrations persist throughout the year, but phytoplankton production is low. These are the high-nutrient, low-chlorophyll (HNLC) regions, of which the Southern Ocean is the most extensive (Longhurst and others, 1995) . Such regions have special significance, because they are areas where there is potential for enhanced biological carbon sequestration, since the avai lability of other nutrients such as nitrogen or phosphorus does not determine the present upper limit for production. Enhanced production could thus bring about greater drawdown of atmospheric CO 2 . Crude calculations, based on nutrient availability but neglecting subsequent recycling, indicate that the nutrient supply in the Southern Ocean cou ld sustain phytoplankton growth broadly equivalent to the 3 x 10 15 g C a 1 net global increase in atmospheric CO 2 content (Davies, 1990) . However, modelling studies indicate that complete nutrient utilisation within the Southern Ocean could have significant repercussions elsewhere. Sarmiento and Orr (1991) suggested that whilst the full potential primary production in the Southern Ocean would result in greater flux of organic matter in the oceans, concomitant nutrient reductions would decrease production in other parts of the ocean, and increased nutrient content at depth would result in anoxia in parts of the deep ocean (see also Peng and Broecker, 1991) . Clearly, an understanding of the HNLC regions, and specifically of what controls nutrient availability, is of significant importance.
THE SOUTHERN OCEAN AS AN HNLC SYSTEM
At first sight, the Southern Ocean appears to be an unexpectedly productive system. Despite the short summer season and low temperatures, there is a wealth of marine animal life. Indeed, it was the exploitation of stocks of whales, seals and sea birds which stimu lated much of the early exploration of Antarctica. However, subsequent direct measurements of the productivity of phytoplankton indicated that overall this is low (El-Sayed, 1984; Priddle and others, 1992 ). It appears that short, efficient food-chains enable low phytoplankton production to support high top predator production (Priddle and others, in press ).
Low phytoplankton production in the Southern Ocean results in low rates of removal of inorganic nutrients. For example, the summer concentrations of dissolved nitrate are as high as those preceding the spring bloom in the North Atlantic. Here, we wish to explore the concept of the Southern Ocean as a typical HNLC system, and to examine the nutrient uptake dynamics which lead to this inability to utilise resources. We will focus on nitrogen as the major inorganic nutrient source, partly because it is a key nutrient which is required in quantities approaching the demand for carbon by a ll groups of phytoplankton, and partly because the different sources of nitrogen can be identified by the chemical species used (reduced vs oxidised sources ).
Understanding of the functioning of H LC systems must be predicated on an appreciation of the factors which might limit phytoplankton production, and hence their ability to remove nutrients from the pool existing at the start of the growing season. The growth of phytoplankton results from a combination of intrinsic growth rate and biomass (standing stock ), and is often modelled using a simple exponential equation of the form:
where PI and Po are biomass at time t and time "zero", respectively, and the parameter k is a function of doubling time. Factors which determine production may be either those which affect intrinsic growth rate (e.g. the availability of a speci fi c substrate, influencing k in the growth equation) or those which control the amount of phytoplankton (e.g. removal by grazing which will reduce P ). Thus the net production of phytoplankton results from the balance between growth (k) and loss (l):
Factors limiting phytoplankton growth in the Southern Ocean
Factors affecting phytoplankton production in the Southern Ocean have been studied since the Discovery investigations in the 1930s, when scientists studied phytoplankton ecology and growth within a programme of research into the pelagic ecosystem connected with the whaling industry (Hart, 1934) . However, no clear consensus has emerged, and it is becoming clear that we need to understand the interaction of a complex of factors (see also Hart, 1934; Banse, 1996) . These can be classified into three main groups.
Factors affecting k : (1) energy
The energy supply for phytoplankton growth is light, which enables organic material to be accumulated through photosynthesis. The light level experienced by phytoplankton is modulated by various environmental factors, varying over different time-scales ranging from the seasonal cycle to short-term changes in cloud or ice cover. In the ice-free Southern Ocean, wind-mixing of the surface layer has been shown to be of particular importance, because phytoplankton cells may be transported to depths where irradiance is too low to sustain growth. Such limitation has been demonstrated clearly (e.g. Mitchell and Holm-Hansen, 1991) , and high phytoplankton biomass is commonly associated with locations where water-column stability is high (see Priddle and others, 1992) .
A second energy limitation may be provided by temperature. Typically, organisms have a temperature range within PriddLe and others: Southern Ocean as a nutrient-Limited system which a process such as growth is possible, and within this range is an optimum temperature at which the process rate is maximal. The rate decreases at temperatures below this optimum. Although thermal adaptation is possible, it does not appear to be complete, and phytoplankton growth rates typically decrease with reduction in environmental temperature (Eppley, 1972; Raven and Geider, 1988) . For the Southern Ocean, ambient temperature is uniformly low. Although phytoplankton growth rates may be near those thought to be maximal, there is a demonstrable effect of low temperature (Tilzer and others, 1986) . However, this does not appear to preclude high biomass accumulation, for instance in areas where sea ice has just melted (e.g. Smith and Gordon, 1997) . The effects of temperature on specific processes, rather than on growth rate as a whole, will be examined in more detail later.
Factors affecting k : (2) nutrients
The second resource which can potentially limit growth rate is the availability of other chem ical elements necessary for growth and maintenance. "Macronutrients" such as nitrogen, phosphorus and silicon are thought normally to be present throughout the Southern Ocean at concentrations significantly higher than those considered limiting for growth, although local reduction to low concentrations has been documented Oennings and others, 1984; Priddle and others, 1995; Whitehouse and others, 1996) . There is also evidence that the ability of phytoplankton to utilise some elements may be relatively inefficient, so that the apparently high concentrations present in the Southern Ocean may not be saturating for growth. For instance, it has long been known that Southern Ocean diatoms do not grow well on low concentrations of silicate Oacques, 1983) . It has been suggested that temperature effects on the equilibrium kinetics of silicic acid may imply that less of the inorganic silicon pool is biologically available ("bio-available" ) at low temperatures (Priddle and others, 1986) .
In addition to the abundant elements which contribute to cell material, phytoplankton al 0 require a range of trace elements which typically play a role in cellul ar processes, usually as components of enzyme molecules. These "micronutrients" are required only in very small quantities, but are often very scarce in the environment and may therefore be present at concentrations which limit growth rate. Recently, attention has focused on the importance of iron, which is the most abundant element in the planet, and the fourth most abundant element in the Earth's crust, but is present in most of the ocean at nanornolar concentrations (10 9 moll-I). Iron plays an important role in several biochemical systems, including electron transport and conversion of oxidised nitrogen sources to reduced species. The possibility that low iron availability may be important in large-scale ocean biogeochem istry was advanced by Martin (1990) . There is experimental evidence that iron is present at limiting concentrations over much of the Southern Ocean (Loscher and others, 1997) , and differences in distribution of dissolved iron have been implicated in spatial pattern ofphytoplankton production (de Baar and others, 1995) . In the Equatorial Pacific, another HNLC region, large-scale add itions of iron to the upper ocean have stimu lated phytoplankton blooms ( Coale and others, 1996) , but such ecosystem manipulations have not yet been attempted in the Southern Ocean.
Factors afficting P
We distinguished above between controls on growth ratethe parameter k in the exponent of the growth equationand control by removal ofbiomass, P. Grazing has been the major factor considered in this context, but is one of several means of removing phytoplankton biomass over a range of time-scales. Over the annual cycle, processes removing phytoplankton biomass must balance production, or the upper ocean would become clogged with algae. The interactions are complex, and phytoplankton production can be self-limiting through self-shading (Tett, 1990) . Under some conditions, grazing can be very tightly coupled to phytoplankton production, and most phytoplankton material is then recycled. This is typical of communities where the phytoplankton is dominated by small-celled species, and the grazers are also single-celled organisms whose growth rate is fast enough to respond rapidly to changes in phytoplankton biomass ( Capriulo and others, 1991) . Phytoplankton blooms are typically dominated by larger cell s, which are grazed by animals whose generation times are significantly longer than that of their food supply. Under these conditions, grazing pressure is highly patchy in both time and space ( Priddle and others, 1990) . Nevertheless, grazing by large animals such as krill and salps can be very effective in removing phytoplankton biomass, and the different types of grazers impose different behaviours on the ecosystem as a whole (Loeb and others, 1997) . There may also be positive feedback from grazing to phytoplankton growth through the resupply of nutrients ( Priddle and others, 1997) .
Phytoplankton biomass may also be removed by physical mechanisms. Sedimentation can be an important loss process for phytoplankton under some circumstances, and is important biogeochemically because it is a means to transfer large amounts of particulate organic material to depth ( Rice and others, 1986; Whitehouse and others, 1996) . Recently, T. Platt and others (personal communication, 1997) modelled the effects of episod ic deepening of the mixed layer by storm events. They suggested that this physical mechanism will both remove biomass and entrain nutrients, resulting in continuing HNLC conditions. Except for the latter, the potential of all of these factors to control phytoplankton production in the Southern Ocean has been supported by observation. It is not our purpose to arbitrate between them -indeed we consider that a multifactoral model which incorporates all is likely to be neededbut we wish now to re-examine the Southern Ocean as an HNLC system against the background of these controls. We will look in particular at nitrogen cycling, as a pivotal element in our understanding of biogeochemical cycles in the ocean. In order to do this, we first examine the basic physiology of nitrogen use by phytoplankton.
NITROGEN USE BY PHYTOPLANKTON

Physiological requirements
We will consider the use of two forms of inorganic nitrogen, namely, ammonium (NH4 +) and nitrate (N0 3 -), as nitrogen substrates [or phytoplankton (Flynn, 1991; Flynn and others, 1997) , although phytoplankton may also use other nitrogen compounds, including some simple organic compounds such as urea. Inorganic nitrogen use within the phytoplankton cell is in the form of ammonium. The ionised form ammonium predominates in the ocean. Non-ionised 664 ammonia may enter the cell by passive diffusion, but the low concentration probably makes this an unimportant substrate. The transport of ammonium (ionised ) entails energetic cost, but once within the cell the substrate is in a form in which it can be incorporated directly into organic material.
Nitrate also requires active transport into the cell, and this may be energetically more expensive [or the negatively charged ion than for positively charged ammonium (personal communication from K. Flynn, 1997) . Once within the cell, nitrate is reduced first to nitrite and then to ammonium. This entai ls further energetic costs, both the direct expenditure on the reduction process and the additional costs associated with enzyme synthesis. The pathways and feedbacks in phytoplankton nitrogen uptake and incorporation are described by Flynn and others (1997) .
An indication of the overall energy requirements for growth on the different substrates is provided by the measurement of photosynthetic quotient, PQ which is the ratio between the amount of oxygen generated by photosynthesis (itself related to the light energy fixed ) and the amount o[ inorganic carbon taken up (growth ). Phytoplankton grown on ammonium as the nitrogen substrate show lower values of PQ than those grown on nitrate (Williams and others, 1979 ; Williams and Robertson, 1991) . Pragmatically, we would expect ammonium to be preferred to nitrate as the substrate for phytoplankton growth, given the distinct energy advantages for the reduced nitrogen source.
Relationship between physiological requirements and nitrogen supply in the surface ocean
The chemical and biochemical processes which determine the character of the inorganic nitrogen supply in the surface ocean are complex, resulting in short-time-scale transformations between oxidised and reduced forms. Superimposed upon these surface layer processes is a long-term, large-scale pattern of nitrogen cycling between lhe surface and deep ocean, which supplies the bulk of the inorganic nitrogen for phytoplankton growth. Organic material in the deep ocean (which originated as phytoplankton production close to the surface) is remineralised to produce nitrate. This is introduced to the mixed layer through upwelling, and through the entrai nment of deeper, nitrate-rich water during deep vertical mixing, which occurs predominantly during winter when stratification is weak. As a result, nitrate concentrations in the Southern Ocean surface mixed layer at the start of the phytoplankton growing season are typically 25-40 mmol m -3 (Smith, 1991; Priddle and others, in press) .
By contrast, the concentrations of reduced forms of nitrogen, such as ammonium and nitrite, are relatively low. Fewer data are available for the Southern Ocean, but typical summer concentrations are in the range 0.1-2 mmol m -3 ( Koike and others, 1986; Smith, 1991; Priddle and others, 1997) . This pool of reduced nitrogen results from a range of biological processes taking place within the mixed layer, and has a much shorter turnover time than the nitrate supply.
In section 3.1, we noted that ammonium is the "preferred" nitrogen source for phytoplankton, in the teleological sense that it costs phytoplankton less energy to use ammonium than to use nitrate. However, for much of the Southern Ocean it is likely that >90% of the inorganic nitrogen supply will be in the form of nitrate. There is clearly a mismatch between our interpretation of the phytoplankton's likely preference and what is available. This is not unique to the Southern Ocean, and is the situation which co nfronts phytoplankton in spring everywhere in the ocean. However, for the Southern O cean and other HNLC environments, the phytoplankton seem unable to utilise nitrate effectively, a nd this resource is not used fully. D espite the predominance of nitra te, this only suppli es aro und half of nitrogen nutrition for Southern Ocean phytoplankton (Priddle and others, in press ).
Consideration of the us e of nitrate and ammonium by phytoplankton is central to our understanding of the sequestration of atmospheric carbon dioxide by the "biological carbon pump" in the ocean. Because chemical speciation allows us to identify the origin of nitrogen, we ca n divide phytoplankton production into that derived from nutrient upwell ed from deep water, which represents a "new" input to the euphotic zone, and that recycled within the euphotic zone ( Dugdale and Goering, 1967; Eppley and Peterson, 1979) . The i-rati o, which is the share of nitrate in overall phytoplankton nitrogen nutrition, is taken to represent the proportion of "new" production in total primary production under these conditions. New production sets the upper limit to the export of material from the euphotic zone to the deep ocean, so that high i-ratio allows the potential fo r high carbon export, whereas low i-ratio indicates the predominance of in situ recycling of carbon, a nd thus little export.
RE-EXAMINING THE ANTARCTIC PARADOX
Investigation of HNLC systems has generall y started from the premi se that phytoplankton productio n is fai ling to use up an abundant nutrient supply which elsewhere would support greater production. For the Southern O cean at least, and concentrating on nitrogen supply, we would wish to approach the system at three levels. First, we examine the inorganic nitrogen pool in the euphotic zone, and from consideration of facto rs determining preference between ammonium and nitrate suggest that the system is strongly reliant on the rela tively scarce pool of recycled nitrogen. We then examine the main ways in which nitrogen is being recycled, and suggest that this recycling can be very tightly coupled to phytoplankton production. Finally, we test the possibility t hat recycled nitrogen m ay sustain phytoplankton production which contributes to carbon export.
Is the nitrogen pool as large as it seems, and what determines nitrogen preference?
We have reviewed the status of the Southern O cean as an HNLC region, and demonstrated that m eas ured concentrations of macronutrients such as nitrogen are indeed high. H owever, we need to ask whet her these m easured concentrations are biologically meaningful. In order to m a ke valid compari son with other parts of the world ocean, including other HNLC regions, we need to represent nutrient concentrations in a way which reflects their availability to the phytoplankton.
The contrasts between the m echanisms of ammonium and nitrate utilisa tion suggest that the nitrate pool in the Southern Ocean may be less accessible than the ammonium . We have already noted some environmenta l factors which may cause the "bio-availabl e" pool of nitrogen to be lower than that measured using ch emical analysis. Iron limitation may be an effective control, because iron is required Priddle and others: Southern Ocean as a nutrient -limited system for both of the enzym esnitrate-and nitrite-reductase, although it is likely that other processes such as electron transport and chlorophyll synthesis have higher iron requirements (personal communication from K. F lynn and R. Geider, 1997) . Temperature may also affect the ability to utilise nitrate, becau se of our suggested bias towards the "Iow-cost" option of acquiring ammonium, thereby avoiding the energetic cost of both transporting nitrate into the cell a nd reducing it to ammonium. Finally, high concentrations of ammonium may themselves result in a decrease in the use of nitrate (G libert and others, 1982; Wheeler and Kokkina kis, 1990; Flynn, 1991) . • 12
The role of temperature in determining nitrogen preference is an intriguing aspect, es p ec ially given the fact that it is an environmental control which might be alleviated by climatic change. As we have noted already, growth of phytoplankton on nitrate carries energetic overheads which do not apply, o r at least not to the same extent, to growth on a mmonium. , ,ye have suggested that the balance of in organic nitrogen uptake wi ll b e shifted towards ammonium at low temperatures because the phytoplankton will have a lower capacity to support active processes. Laboratory studies of natural plankton populations from the Southern O cean show that i -ratio increases with comparatively sm all increases in temperature, indicating that at low in situ temperatures nitrate uptake is inhibited (Fig. I) . Experim ents on a variety of algal and bacterial isolates in culture have shown that temperature has a strong effect on nitrate uptake, but negligible effect on ammonium uptake, irrespective of the normal temperature range of the organism (R eay and others, unpublished information). So we can suggest that for much of the phytoplankton the very large supply of nitrate is of lesser relevance, and in our terms its bio-availability is lower than the measured concentrations suggest. These phytoplankton will be dependent on the resupply of ammonium through biological recycling, and therefore nitrogen regeneration within the euphotic zone becomes a crucial process for Southern Ocean phytoplankton production ( Glibert and others, 1982; Priddle and others, 1997) .
4.2.
What determines the resupply of ammonium within the euphotic zone?
We noted above that nitrogen cycling within the euphotic zone involves a complex suite of biological processes. Here we highlight the resupply of ammonium, and in particular examine the plankton system close to South Georgia, Southwest Atlantic sector of the Southern O cean, to highlight the importance of the two main processes at work.
Zooplankton are important grazers in the system, and appear to control phytoplankton biomass under some circumstances. They also regenerate ammonium through excretion. At South Georgia, Priddle and others (1997) howed that diurnal cycling of ammonium in surface waters is the result of the balance between daytime uptake by phytoplankton and night-time excretion by zooplankton. Circumstanti al support for this hypothesis was provided by the loss of the diurnal pattern during years when krill, an important grazer in the system, was present at severely reduced biomass. Modelling the diurnal pattern, which in "krill" years showed an amplitude of 0.2-0.35 mmol m 3 d-I over the upper 30 m of the water column, suggested that phytoplankton growth rate was high. To simulate the observed pattern, relatively high values for doubling time of 1-2 d were required. Priddle and co-workers speculate that the high rate of ammonium resupply may have stimulated production, introducing a positive feedback between grazers and their food supply.
Microbial recycling is also important in returning ammonium to the nitrogen pool in the euphotic zone (G libert and others, 1982; Ronner and others, 1983) , although heterotrophic bacteria are also competitors with phytoplankton for ammonium and other nitrogen sources (Hoch and Kirchman, 1995) . Protozoan grazers will be more tightly coupled to the population dynamics of their food supply, and are likely to remineralise organic material more rapidly (Capriulo and others, 1991) , with consequent reduction in Cand N-export. Therefore, although it is unlikely that they will contribute to the diurnal variation in ammonium production, they will account for the steady-state level of ammonium seen within the euphotic zone. For South Georgia, this value is around 0.4-0.6 mmol m -3 in all years sampled (Priddle and others, 1997) , which suggests that microbial remineralisation is about equal to the maximum rate ascribed to zooplankton within the mixed layer. At the base of the mixed layer, a strongly developed ammonium (and sometimes also nitrite) maximum is found. This has been attributed to microbial activity ( Priddle and others, 1995) . This suggests that the pycnocline is the site of intense nitrogen recycling, which in turn may have impact on the material which is leaving the euphotic zone by sedimentation. 4.3. Is carbon recycled along with nitrogen, or are nutrient cycles decoupled, allowing carbon export to be "fuelled" by reduced nitrogen?
In describing the basic distinction between nitrate-fuelled new production and ammonium-fuelled recycled production, we noted that these descriptions imply that carbon and nitrogen are recycled in the same ratio as when the organic matter was formed. The recycling of nitrogen in the euphotic zone must then be accompani ed by the return of organic carbon to the inorganic carbon pool.
On this basis, we would expect that material leaving the euphotic zone will have the same composition as when it was formed. For carbon and nitrogen, this implies a molar ratio of 6.625 (Redfield and others, 1963) or the 100 atoms to 15 atoms mentioned earlier. Observation confirms that particulate composition within the euphotic zone conforms to Redfield proportions. H owever, two Southern O cean studies (Sambrotto and others, 1993; Priddle a nd others, 1995) indicate that the C: N ratio may increase below the euphotic zone. In the case of the South Georgia system, particulate organic C: N at 150 m depth had increased from around 7 to 11 -12 ( Priddle and others, 1995) . This indicates that nitrogen in sinking particles was being remineralised almost twice as fast as carbon. Such remineralisation is consistent with the ammonium p eak in the pycnocline, and could result from the preferential breakdown of protein, which has a high ni trogen content, relative to lipid and carbohydrate (Smith and others, 1992) .
The presence of this large pool of reduced nitrogen at the base of the euphotic zone offers the scope for returning nitrogen to the plankton production process, whilst carbon continues its journey to the deep ocean (Fig. 2) / provide plausible mecha ni sms whereby a mmonium stripped from sedimenting organic particulates could be returned to the euphotic zone. If these observati ons a re indeed correct, then we have a n appar ent pa rtial deco upling be tween the nitrogen a nd carbon cycles. This wo uld a ll ow particulate carbon to sediment to the deep ocean, whilst some nitrogen wo uld be retained either wi thin or immediately beneath the euphotic zone. The distinction between nitrate-a nd a mmonium-fuelled prim ary production then becomes blurred. It is not possible to judge whether this phenomenon is widespread, a nd whether ca rbon-rich materi a l is exported to significant depth. The consensus is that the C: N ratio in the deep ocean is close to R edfield (e.g. Copin-Montegut a nd Copin-M ontegut, 1983) , so that any imbalance is local or is adjusted within the upper few hundreds of metres.
A RE-EVALUATION OF THE SOUTHERN OCEAN AS AN HNLC SYSTEM
We defin ed H N LC systems on the basis of the two pro perties which provide the na me, i. e. the simul taneous presence of high concentrations of the m acronutrients ("H N" ) which typically become limiting for growth in much of the wo rld ocean, and low phytopla nkto n biomass (as chlorophyll; "LC" ). Attempts to understand these systems are typically framed in the form, "what is limiting the prima ry production?". At a recent disc ussion of H N LC systems at aJ oi nt Globa l O cean Flux Study UGOFS ) m odelling symposium, a m ore flexible definition of these environments was formul ated. It was noted that the characteristics of H N LC systems could appear under a range of conditions, and indeed th e grouping of the Southern O cea n, the sub-A rc tic Pacific a nd th e Equatorial Pacific in a single phenomenon is not a n intuitively obvious one. What th ey sha re is a rate of a nnu a l nutrient su pply to the euphotic zone which exceeds the a nnua l removal of nutrients by primary production. This can occur under a ra nge of circumstances, but is not necessarily a lways indicative of low prima ry producti on, nor is phytopla nkto n biom ass always low. T he discussio n distinguished be tween two extreme behaviours. T he first could be represented as high-nu trient, low-production, low-biom ass (HN-LP-LC). This is the "classic" HNLC system where a nnual prima ry production is too low to remove the wintertime input of nutrients. It can be regarded as a "deviant" version of the situation which obtains in areas like the North Atl antic, where in the latter case prim a ry producti on in the spring bloom is sufficient to utilise full y the wintertime nutrient input.
H owever, some HNLC systems, including much of the Southern O cean, a re upwelling systems where nutri ent input to the euphotic zone is not simply a seasonal event. Such systems co uld be m ore productive, altho ugh this production m ay not a lways " keep up" with the supply of nutrients. The dyna mics of high-nutrient, high-production, low-biom ass (?) (H N-HP-LC) systems will be different from those of their low-production relatives. In particular, they provide the scope for high export of pa rticulate m ateri a l. This is observed for pa rts of the Southern O cean, where a compa ratively la rge frac tion of surface production reaches the sea-floor by sedimentation (data from the KERFIX study; personal communication from P. Pondave n a nd others, 1997).
Priddle and others: Southern Ocean as a nutrient -limited system
The Southern O cean is a mosaic ofHN-LP-L C a nd H N-HP-LC systems. O verall, it seems that both physical-chemical a nd bi ochemical factors restrict the "bio-availability" of m ac ronutrients, so that th e high co ncentrations determined by chemi cal analysis m ay not accurately represent the pools avail abl e for phytopla nkton prod uction. In p a rtic ul a l~ th e high levels of nitrate m ay not be accessible if low temperature a nd low iron avai lability mean that the ability of phytopl ankton to use nitrate is reduced.
Give n the dependence on recycled nitrogen so urces for phytoplankton growth in the Southern O cean, the rate at which this relatively scarce nutrient is resuppli ed becomes critical. In thi s se nse, nitroge n -as low concentrations of ammonium a nd higher concentrati ons of less "access ible" nitratecan be co nsidered as a limiting nutrient, in relation to other inorganic nutrients such as phosphorus a nd silicon, in par ts of the Southern O cean.
T he close coupling between phytopl ankto n growth a nd nitroge n re mineralisation provides the scope for strong feed backs between grazing control a nd prim ary prod uction. A lthough grazing m ay exert strong co ntrol on phytopla nk to n biom ass, in ret urning ni trogen to the inorganic pool it m ay also sti mul ate production.
T here is limited evidence th at the carbon a nd nitroge n cycles may beco me decoupl ed in the upper water column. Changes in particulate carbon/ni trogen ratios suggest that phyto plankton ni trogen may be returned to th e euphotic zone as a mmonium a nd nitrite whilst phytopl ankto n carbon is exported to depth. There a re no data to establish the "ex tent"ofthis decoupli ng in either space or time, but it does imply th at at a local scale the accepted pa radig m for the nitrogeno us nutri tion of expo rted a nd of recycled carbo n m ay not be applied with tota l confidence.
We have noted that H NLC systems cann ot be considered as a single mechanism, nor can single limiting factors be defin ed for prima ry prod uction in these systems. T hi s observation is not new; H a rt (1934) wrote, 'It cannot be too strongly emphas ised that in a ll probability phytopla nkton production is always govern ed by a complex of inter -de pendent factors, rather than by one or two which are clearly definable'. The search for easily identifi ed single limiting factors probably derives fro m the prese nt requ irement for rela tively simpl e models of la rge-scale biogeochemical processes. We need now to provide tractable mul tifactoral, a nd ideally generic, m odels which m ore accurately reflect the interacting controls.
The Southern O cean itself appears to be a mosaic of regions of high a nd low nu trient inpu t, high a nd low primary production, a nd high and low phytoplankton bi om ass (Ba nse, 1996) . For th e Southern O cean as a whole, the only consistent factor appears to be the reduced value (low "bioava ilability" ) of nitrate as a n inorganic nitrogen source for phytopl ankton growth. From this perspective, the system can be viewed as being one in which phytopl ankton g rowth is strongly dependent on reduced nitroge n so urces, especia lly a mmonium, a nd the avail ability a nd rate of res up ply of these nutrients m ay well be limi ting to growth.
responsibility, but we wish to thank A. Atkinson, J. Berges, M. Fasham, K. Flynn, R. Geider, G. H ays, M. Lucas, N. Owens, D. Robins and D. Thomas. We also benefited from papers and discussions at a ]GOFS modelling workshop held in Oban, Scotland, in May 1997 (abstracts and discussion summaries are available on the ]GOFS Web page http: //ads.smr.uib.no/jgofs/jgofs.htm ). T. Trull and three referees provided helpful comments on an earlier version of the paper.
